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Chapter 1 
Introduction 
 
1.1 Study Background 
 
The knee is the largest joint in the body and carries very high loads. 
Accordingly, it is one of the most injured parts of the human body (Ethier, C. 
R., et al., 2007) and is highly susceptible to osteoarthritis, a degenerative 
condition that can become debilitating. In Japan, in the age of 40 years over 
people of middle age and old age, over 40% of men suffer knee osteoarthritis 
and over 60% of women suffer knee osteoarthritis (Yasuo, Y., 2011). As time 
passes, osteoarthritis will emerge because of wearing and degeneration of 
cartilage and meniscus, thereby normal activities of sufferers will be severely 
affected. The osteoarthritis severely affects the middle age and old people’s 
quality of life, even threatening their life. Due to the anatomical and 
structural complexity of the knee joint, the mechanical loading occurring in 
the soft tissues cannot be measured with accuracy during daily activities in 
gait. As a cost-effective and noninvasive treatment that offers pain relief 
without side effects, unloader knee brace is one of several types of knee 
orthotic that is widely used for helping knee osteoarthritis patients. In the 
field of evaluation of orthotics, evaluations of unloader knee brace based on 
experiment are time-consuming and safety for research participants in 
participants also need to be considered. 
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1.2 Purpose of Study 
 
This study aim to create a knee joint model with knee OA patient using a 
finite element analysis method and combining with walking generation model. 
A knee joint surface model is constructed and is analyzed based on finite 
element analysis method. Muscles around the knee is not included in this 
knee joint surface model. We input the muscle mechanical models on the knee 
joint model which be calculated a walking generation model.  
We also will evaluate three types of the knee brace that valgus knee brace, 
rotation knee brace and valgus-rotation knee brace using the knee joint model. 
The three types of the knee brace instead of the shape model, the mechanical 
model that valgus moment, rotation moment and valgus-rotation moment are 
constructed respectively. We expect best treatment effect of the knee brace by 
result of finite element analysis simulation. 
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Chapter 2 
Structure of Knee 
 
2.1 Knee joint structure 
 
The knee joint is made up three bones and variety of soft tissues. The bones 
are the femur, the tibia and the patella. The femur and tibia which are the 
primary bones of the upper and lower leg respectively, shown in Figure 2.1.  
The articulating ends of the femur and tibia are divided two condyles 
respectively, that the femoral condyles and the tibial condyles. The femoral 
condyles are convex shape round, with a slight gap between the two condyles. 
The tibial condyles have a slight depression to accommodate the femoral 
condyles, with a slight ridge dividing them (Ethier, C. R., et al., 2007). 
Each bone has a layer of articular cartilage covering it’s the surfaces of the 
articulate. In the gap between femoral and tibial cartilage, a pair of menisci 
wrap around the condyles. These are all surrounded by a fluid-filled capsule, 
ensuring that the soft tissues are saturated in synovial fluid. The cartilage 
and menisci transmit the large loads experienced by the joint, while the fluid 
lubricates the articulating surfaces to lower friction and prevent wear (Ethier, 
C. R., et al., 2007). 
Four ligaments connect the femur and tibia, serving an important purpose in 
passive joint mechanics. The anterior and posterior cruciate ligaments shown 
in Figure 2.1, pass through the gap between the two femoral condyles. The 
lateral and medial collateral ligaments ensure the femur and tibia remain 
while occurring the contact between the joint, and control relative positioning 
of the two bones during knee flexion (Ethier, C. R., et al., 2007). 
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The knee joint is surrounded by the joint capsule, and which binds to the 
medial and lateral sides of the knee joint and intersects in the knee joint 
crossing the ligaments. The joint capsule and those ligaments provide 
stability and strength to the knee joint. 
The meniscus is a thickened and complicated cartilage tissue between the two 
joints formed by the femoral bone and the tibial bone. The meniscus acts as a 
smooth surface for joint movement. The knee joint is surrounded by a fluid-
filled bladder that acts as a sliding surface to reduce the friction of the tendon 
and reduce the compression load from the knee joint. There is a large tendon 
around the knee that attaches to the front of the knee. The muscles of the 
thigh move the knee. At the front of the femur, the quadriceps stretch or 
straighten the knee by pulling the ankle. At the back of the femur, the 
hamstring muscles bend or bend the knee. The knees also rotate slightly 
under the guidance of specific muscles of the femur. The role of the knee is to 
allow leg movement, which is essential for normal walking. The knee is 
usually bent to a maximum of 135 degrees and extends to 0 degrees. The knee 
is a weight-bearing joint. Each meniscus is used to evenly load the surface 
during loading and also helps distribute joint fluid for joint lubrication. 
(Ethier, C. R., et al., 2007). 
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2.2 Menisci structure 
 
2.2.1 Structure  
 
Meniscus (see Figure 2.2) is very important soft tissue in the knee joint. The 
meniscus is a half month shaped fibrous cartilage located on the medial and 
lateral articular surface of the tibial plateau. The cross-section is triangular 
 
Figure 2.1 Structure of knee 
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shown in coronal plane. The outer thickness is thin, and the upper surface is 
slightly concave for conforming to the femoral condyle.  
The lower side surface of the meniscus is flat and is connected in the tibial 
plateau. This structure just causes the femoral condyle to form a deep 
depression on the tibial plateau, thereby increasing the stability of the 
spherical femoral condyle and the tibial plateau. The front and back ends of 
the meniscus are attached to the non-articular surface of the middle part of 
the tibial plateau. This part can also be called the anterior and posterior horns 
of the meniscus. 
In a certain range of movement of the femur such as while during normal gait, 
combined with its morphological characteristics, the meniscus can 
compensate for the incompatibility of the tibial plateau surface and the 
femoral condyle, increase the stability of the joint, and avoid the surrounding 
soft tissue being squeezed into the knee joint. The meniscus is gray color, 
smooth and shiny, tough and has certain elasticity. Meniscus can cushion the 
impact of the femoral bone surface and the tibial bone surface, absorb shock, 
spread synovial fluid, increase lubrication, reduce friction and protect knee 
joint. (McDermott, I. D., et al., 2004). Though both menisci are roughly wedge-
shaped and semi-lunar, lateral menisci display greater variety in size, shape, 
thickness, and mobility than medial menisci (Greis, P. E., et al., 2002). Lateral 
menisci also cover a larger portion of the tibial plateau (75-93% laterally) in 
comparison to medial menisci (51-74% medially) (Clark, C. R., et al., 1983). 
 
Figure 2.2 Structure of menisci 
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2.2.2 Function 
 
The menisci work to disperse the body weight and reduce friction of the knee 
joint during movement. Due to the condyles of the femur and tibia meet at 
one point, however these have change during flexion and extension, the 
menisci spread the load of the body weight. This different from sesamoid 
bones, which are made of bone tissue and those function primarily is to 
protect the nearby tendon and to increase its mechanical effect. The function 
of the menisci in the knee improves the tibial-thigh bone of the congruence, 
joint lubrication and stability and assists in the distribution of large loads 
across the joint (Alice, J. S. F., et al., 2012). These loads can range from 50% 
of the compressive force with the knee in extension, also can range from 85% 
of the compressive force with 90 degrees knee flexion (Robert, C. S. I., et al., 
2018). The menisci can absorb most of the shocks generated on the knee joint 
because their combined mass is bigger than that of the tibial-femoral 
articular cartilage (Bennett, L. D., et al., 2002). Because of these roles, 
damage to the menisci will increase risk of developing knee OA. 
 
 
2.3 Ligaments Structure and Function 
 
ACL and PCL 
ACL is the main limiting factor for anterior tibial translation. It also can 
prevent over-extension. ACL acts as an auxiliary constraint for internal and 
valgus rotation of the tibia at full extension, and controls the helical fixation 
of the knee joint. Posterior cruciate ligament (PCL) is the main limiting factor 
for posterior translation of the tibia. Acting of PCL close to extension, PCL 
relaxation, and the posterior lateral structure takes over the main binding 
effect. ACL and PCL work together to control the anterior and posterior 
rolling and sliding motion of the knee joint during flexion and extension 
(Dargel, J., et al., 2007). 
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MCL 
 
Medial collateral ligament (MCL) is the primary restraint valgus and medial 
tibial rotation. When tibial occur valgus or lateral rotation, it is also an 
auxiliary constraint for anterior tibial translation (Matsumoto, H., et al., 
2001). 
 
LCL 
Lateral collateral ligament (LCL) is the main limiting factor for the varus of 
the knee joint, but it relaxes with the knee joint flexion, which reduces its 
ability for the constraining the varus of the knee joint. When they are larger, 
it is an auxiliary constraint for posterior translation and, in combination with 
the posterior lateral ligament (PLC), is a primary limitation of external tibial 
rotation (Matsumoto, H., et al., 2001). 
 
2.4 Knee Joint Kinematics with Knee OA  
 
The complex three-dimensional motion of the knee joint can be described by 
six degrees of freedom. Normal extension is usually defined on the long axis 
of the femur when the knee joint is in 0 flexion. Active the knee flexion is 
achieved primarily by hamstring contraction and usually can reach 130 
degree.  
The knee allows for optimized weight support and stability when in the fully 
extension of the knee joint. The effect of weight extends through the flexor 
activity of the knee while stand. The most common knee joint movement 
occurs in gait. The motion of the knee joint is very complex which be expressed 
in six degrees. Figure 2.3 shows the knee joint flexion during normal gait in 
sagittal plane. The motion of the knee joint is dominated by energy factors, 
which require the center of gravity of the body to move forward while other 
upper body movements are minimally, and there have a good ability to absorb 
the impact on heel strike. In order to avoiding the toes of the swinging leg to 
be dragged on the ground, the knees bent to approximately 70 degree during 
the swinging phase of the normal gait. In this study, we observed the 
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maximum flexion of 67 degrees during swing phase and the maximum knee 
extension of 5 degrees during stance phase through results of the measured 
data of the gait experiment (Winter, D. A., 2009). In other study (Bytyqi, D., 
et al., 2014), the range of motion of flexion-extension was significantly lower 
with the knee OA patients than the healthy people. Reduction of 
approximately 10 present on Maximum flexion during stance for the knee OA 
was studied, and about approximately 5 degrees reduction of maximum 
extension was measured during swing phase.  
When the leg has swung and just before the heel strike, the quadriceps 
muscles contract to fully extend the knee and the foot forward. After the heel 
strike, the knee does not stretch, because it means the body moves up and the 
legs work. After heel strike, the knee does not reach the position of the 
extension as this mean upward movement of the body and the leg acting as a 
rigid structure unable to absorb the impact loading on the knee joint, 
therefore, the knee joint bends to about 10 degrees in mid-stance phase, 
thereby absorbing the impact loading.  
Flexion is not the only rotation during normal gait. Before the phase of the 
heel strike, when the knee joint extends from approximately 30 degrees to 0 
degrees, the tibial bone internally rotates to approximately 30 degrees. 
However, range of the motion of internal rotation of knee OA patients was 
significantly lower than the range of healthy people, in other study 
(Steultjens, M. P. M., et al., 2000). The rotation to occur in order to that, before 
bearing the impact loading of the weight, tighten the soft tissue structure and 
lock the knee geometry. The rotation is also related to the movement of hip 
and ankle. 
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On fully extension, the femur has a large contact area with the tibial plateaus 
and presses anterior horns of the meniscus. While the knee flexion, the 
contact moves to posterior, and towards to the posterior horns of the meniscus, 
the contact areas with the tibial plateau reduced to a radius of smaller radius 
of the curvature of the femoral condyles in contact occurring tibial rotation 
during flexion (Figure 2.4). The medial tibial plateau is slightly concave, and 
it is flat or slightly convex on the lateral tibial plateau. This means that the 
center of the medial meniscus contact remains relatively constant position. 
However, the lateral tendon is rolled back toward the posterior horn of the 
meniscus until the meniscus begins to resist further translation by 
circumferential stretching. When the knee joint occurs flexion, the anterior 
cruciate ligament become a condition of the tension, it is in order to resisting 
the posterior movement of the femur relative to the tibia. That causes that 
the femur sliding forward and simultaneously rolling backwards. In other 
study (Yoshimi, S., et al., 2012), a result of the anterior sliding of 
approximately 3.3 mm was obtained. In other study (Bytyqi, D., et al., 2014), 
the anterior sliding quantity in knee OA patient was little different between 
the anterior sliding of the healthy people. However, the heel strike position 
 
Figure 2.3 Knee joint motion 
Anterior sliding 
Posterior rolling 
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has tendency of posterior translation, the comparison quantity with 
approximately 3 mm were measured. In deep flexion, contact occurs almost 
exclusively between the femoral condyle and the posterior horns of the 
meniscus, and the contact between cartilages is very little, especially on the 
medial side of the menisci, where the meniscus is restricted from being 
displaced backwards on the tibial posterior rim  
(Figure 2.4).  
 
2.5 Knee Osteoarthritis 
 
2.5.1 What is the Knee Osteoarthritis?  
 
The disease, called knee osteoarthritis (OA), is a common chronic irreversible 
joint disease characterized by articular cartilage degeneration and secondary 
bone hyperplasia. The progression of the disease involves not only the 
articular cartilage but also the entire joint, including the subchondral bone, 
the joint capsule, the synovium, and the muscles around the joint. It is now 
 
Figure 2.4 Contact areas on tibial plateau 
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widely accepted that osteoarthritis is not only a disease of articular cartilage, 
but a disease involving the entire joint. More common in middle-aged and 
older people more women than men.  
Due to the lack of joint fluid in the joint cavity, the menisci and articular 
cartilages, which act as a cushion in the knee joint, is not properly rubbed, 
cause damage and degradation. When the cartilage degrade, it is impossible 
to protect the surface of the bone, which will happen degeneration shown in 
Figure 2.5. While walking or standing, the weight of the body makes the 
degenerated knee joint more painful. Because of the fear of pain, naturally 
reduces movement, so the muscles there follow shrink and the ligaments may 
become more relaxed.  
Older age, joint injuries, genetics and bone deformities that these changes in 
around the knee joint are partly the result of the inflammatory process and 
partly attempt of the patients’ body to repair the damage. In many cases, the 
repairs are quite successful and the changes inside the joint do not cause 
much pain or the pain is slight. However, in other cases, the repair do not 
work as well and patient’s knee becomes damaged. This leads to instability 
and more weight being put on other parts of the joint, which can cause 
symptoms to become gradually worse and more persistent during time. There 
are many factors that can increase the risk of knee OA, and it is often a 
combination of these that leads to the condition. Age: Knee OA usually starts 
from the late 40 years over. We do not fully understand why it’s more common 
in older people, but it can be due to factors like weakening of the muscles, the 
body being less able to heal itself or gradual wearing out of the meniscus and 
cartilage while passing time. Gender: Knee OA is twice as common in women 
as in men. It’s most common in women over the age of 50, although there’s no 
strong evidence that it’s directly linked to the menopause. It is also more 
common in women. Obesity: Being overweight is an important factor in 
causing knee OA. It also increases the chances of osteoarthritis becoming 
progressively worse. Joint injury: Normal activity and exercise don’t cause 
osteoarthritis, but very hard, repetitive activity or physically demanding jobs 
can increase the risk. Injuries to the knee often lead to knee OA in later life. 
A common cause is a torn meniscus or cartilage, which can result from a 
twisting injury. A torn meniscus is a common injury in footballers, and an 
operation to remove the damaged cartilage (meniscectomy) or repair cruciate 
ligaments also increases the risk of knee OA in life (Yuqing, Z., et al., 2010). 
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In knee OA, walking velocity, stride length are reduced and period of stance 
phase increase on both of sides. The all stance phase are prolonged in knee 
OA, but the stance phase and swing phase peak flexion are reduced. The 
varus or valgus in the stance phase and the swing phase are increased. 
Additionally, the extensional moment in the loading is increased and flexional 
moment in late stance reduced in the knee OA. Knee OA patients have a 
severe varus and internal rotation during stance phase. There are a kind of 
treatment way in knee OA. Any external force put on knee joint is directly 
linked to increased pain. Wight reduction is a good and safe way that is not 
only patient unloading the pressure on the knee joint, but also patient also 
can be eliminating some of the chemicals in patient’s body that intensify the 
pain. Rehabilitation and exercise can help relieve pain form knee OA by 
strengthening the muscles around the knee joint. Surgical treatments such 
as total knee replacement and partial knee replacement are effective 
treatment way in several knee OA. By using knee braces, footwear and insoles 
as a noninvasive treatment way always are considered in knee OA. 
 
 
 
 
 
Figure 2.5 Degeneration of knee joint 
(a) Knee OA (b)Healthy people 
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2.5.2 Degradation of the menisci with knee OA patients 
 
There are many studies using photographic techniques such as high 
definition macroradiography or using the transmission electron microscopy 
to observe and analyze the relative changes in the appearance of the menisci 
and the articular cartilages with knee OA patients and healthy people. The 
appearance of the menisci in the knee OA patients exhibited a loss of the 
normal smooth triangular shape with irregularities to the surface indicative 
of degeneration (Bennett, L. D., et al., 2002). 
In the comparative study of the knee OA and healthy people, in which 
meniscal and the articular cartilage damage was scored, these tissues were 
found to be more severely damaged in the diseased medial tibio-femoral 
compartment than the lateral, however, changes in the meniscus were not 
compared with those of the corresponding articular surfaces shown in Figure 
2.6.  
In other study (Katsuragawa, Y., et al., 2010), for the menisci of the knee OA, 
appearance differed obviously between lateral and medial menisci. The 
medial menisci underwent overt degenerative changes, while lateral menisci 
preserved the anatomical shape with few signs of macroscopic degeneration 
(Bennett, L. D., et al., 2002). The changes of the shape of the menisci can 
guidance the construction of the menisci model will introduced in next chapter.  
 
Figure 2.6 Meniscus and cartilage damage with knee OA 
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2.5.3 What is the Knee Orthosis? 
 
There are many ways to treat knee OA, such as surgical therapy, joint 
replacement, physical therapy. In the treatments of knee OA, using orthotics 
as noninvasive, friendly way in the treatment of the knee OA always is used. 
Orthosis is an external device, which applied to a lower limb to improve 
function by controlling motion, providing support through stabilizing gait, 
reducing pain through changing the negative gravity line according to the 
varus or valgus and transferring load to another area, correcting flexible 
deformities, and preventing progression of fixed deformities (Janos, P. E., 
2010). There are several types of orthosis for knee OA, such as ankle-foot 
orthosis, knee-ankle-foot orthosis and knee orthosis. An ankle-foot orthosis is 
an orthosis or brace that encumbers the ankle and foot shown in Fig 2.7 (a) 
(Allard World, 2019). Ankle-foot orthosis is not only externally applied and 
control position and motion of the ankle or correct deformities, but also most 
widely used knee OA. An ankle-foot brace is designed light weight plastic in 
the shape of an ‘L’. The lower portion located in the foot, back or forward 
portion located in the lower leg and belts are fasten on the lower leg for fixing 
the lower leg.  
A knee-ankle-foot orthosis is an orthosis that encumbers the knee, ankle and 
foot shown in Figure 2.7 (b) (Medical EXPO, 2019). Motion at all three of these 
lower limb areas is affected by a knee-ankle-foot orthosis. The brace can stop 
motion, assist motion. Mechanical hinges are used in the brace. Although not 
as widely used for knee OA, knee-ankle-foot orthosis can improve the life of a 
knee OA patient. And to speak of, the orthosis widely used in research  
A knee orthosis or knee brace is a brace that supports the knee joint (Figure 
2.7 (c)) (AliMed, 2019). A knee orthosis can prevent flexion or extension 
instability of the knee. In the case of conditions, prevent the ligaments or 
cartilages of the knee. A type of the knee brace can transfer knee joint loading 
on the knee joint from one side to the other side by diseases such as knee OA 
by realigning the knee joint into valgus or varus. In this way a knee brace 
may help reduce knee OA pain, however there is no clear evidence to knee OA 
patient about the most effective orthosis to use or the best approach to 
rehabilitation (Mayo Clinic, 2012).   
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Figure 2.7 Orthosis 
(a)Ankle-foot orthosis (c) Knee orthosis (b) Knee-ankle-foot orthosis 
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Chapter 3 
Segmentation of Medical 
Images 
 
3.1 Computer Tomography Imaging 
 
A CT scan known as computed tomography scan, makes use of computer-
processed combinations of many X-ray measurements taken from different 
angles to produce cross-sectional images of specific areas of a scanned object, 
allowing the user to see inside the object without cutting. Digital geometry 
processing is used to further generate a three-dimensional volume of the 
inside of the object from a large series of two-dimensional radiographic 
images taken around a single axis of rotation. Medical imaging is the most 
common application of X-ray CT. Its cross-sectional images are used for 
diagnostic and therapeutic purposes in various medical disciplines (Wikipedia, 
2019). The rest of this article discussed medical-imaging X-ray CT; industrial 
applications of X-ray CT are discussed at industrial computed tomography 
scanning.  
In the study, about 1,000 slices of lower limb CT images of patient who is an 
age of 76 woman suffer from advanced stage of knee OA are supplied from 
Nagoya Joint Replacement Orthopaedic Clinic. We have been approved by the 
Research Safety Ethics Committee of Tokyo Metropolitan University for using 
of medical diagnostic images of the patient.  
Currently, the technology of image segmentation is widely used in medical 
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image processing. The technology of image segmentation is used in the study 
is for constructing three-dimensional bones model from two-dimensional 
images. In the study, a medical image processing software that OsiriX was 
used in image segmentation. The bone areas were decided automatically 
shown in Figure 3.1. The thigh bone, tibial bone and patella bone, were 
processed segmentation. 
 
3.2 Magnetic Resonance Imaging 
 
Magnetic Resonance Imaging (MR imaging) is a medical imaging technique 
used in radiology to form picture of the anatomy and the physiological 
processes of the body in both health and disease. The most widely used 
technique in the field of radio imaging (Wikepedia, 2019). The MR images 
normally composed of bones tissues, soft tissues and background. The 
technology of image segmentation is widely used in medical image processing. 
The segmentation of soft tissue by MR image has attracted several 
researchers.  
In the study, it is difficult to process soft tissues of segmentation by CT images, 
so it is also used MR images. And the other reason that MRI-based 
 
Figure 3.1 Segmentation of bone tissues 
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photography have to spend a long time, that is a big challenge for the patient’s 
body. In the study, 250 knee joint MR images of health woman are supplied 
from Philips Medical Systems. All of images were acquired in the sagittal 
plane with a pixel resolution of 0.4×0.4𝑚𝑚2 , a slice thickness of 0.8 mm and 
spacing of 0.4 mm between slice by slice. The MR images as an open source 
support for education and research. 
 
3.3 Segmentation of soft tissue 
 
The data of the MR images is not the patient’s information of knee joint, but 
we have processed combining between bone models from CT images and soft 
tissue models from MR images manually in the next work of step will be 
explained in next chapter. 
In the study, the binarization processing technique was not considered for 
segmenting the soft tissues. We processed the segmentation fully manually. 
In segmentation of soft tissue, it is possible but not probable by using MR 
images. Segmentation of soft tissue was processed manually in OsiriX. 
Segmentation is a critical step in the visualization process (Muhsin, Z. F., et 
al., 2014). In this step, region of interest (fully soft tissues) were segmented 
from the images. The purpose soft tissues are meniscus, cartilages and 
ligaments. Accordingly, Thresholding is the first step in segmentation of 
images using different intensity and pixel values in foreground and 
background of image. Following thresholding, results thus obtained exhibits 
that bone region is brighter than other tissues. Contrast adjustment is the 
second step after thresholding. Histogram equalization is a popular technique 
for enhancing the contrast of medical images. It was processed histogram 
equalization adjustment shown in Fig 3.2. Boundary areas of tissues can be 
distinguished clearly.  
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The images were defined in different values of histogram equalization for 
segmentation of different soft tissues. Different values of histogram 
equalization were set in different purpose soft tissues. Purpose areas were 
segmented by lines manually shown in Fig 3.3. However, even though process 
histogram equalization adjustment some boundary of soft tissues were 
nevertheless ambiguous and unclear, result in difficult for segmentation of 
tissues. A method of segmentation was used that enlarge purpose boundary 
more manually, and then were processed. The way depends on mastering 
some fundamental anatomy knowledge. The way means that we can estimate 
the boundary of the soft tissue for segmenting it. 
 
Figure 3.2 Contrast adjustment of MR images 
(a) Before processing (b) After processing 
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Figure 3.3 Segmentation of soft tissues by MR images 
(a) Segmentation of the meniscus (b) Segmentation of the femoral cartilage 
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Chapter 4 
Model Construction 
 
4.1 Reconstruction of Surface Model 
 
Model of tissues were outputted in OsiriX with STL which is a file format as 
standard triangle that is widely used for rapid prototyping, three dimension 
printing and computer-aided manufacturing. The models were outputted 
have a variety of problems be need to solved that were surface holes, missing 
surface data and so on. A free model construction software be called 
Meshmixer which often be used in reconstruction of surface model and three 
dimensional printing with processing have been used in order to rebuild three 
dimensional surface model of the knee joint with patient of knee OA. Because 
of this, knee brace through effecting thigh bone and tibial bone to treat this 
disease. Additionally, ligaments and cartilages be change of displacement and 
deformation following the motion of the bones. Therefore, the skin, fat and 
fascia were not considered in this model. Muscles around the knee were 
considered, instead of the shape model the mechanical model using walking 
generation model. 
 
4.1.1 Reconstruction of Bones Model  
 
In the study, only a part of knee joint model shown in Figure 4.1 (a) was cut 
in order to reduce content of models that was for reducing calculation time in 
simulation.  
23 
 
It had several missing damaged or excess structures after constructing the 
surface model in OsiriX shown in Figure 4.1 (a). We have to delete the excess 
parts, repair the damaged parts, and make missing parts to sure. Firstly, the 
models were hollowed out after deleting several excess parts. There are a lot 
of small holes on the models’ surface. Then, these holes were fixed based on a 
method that we deleted the facets of around the holes and 4filled up the holes. 
The damaged parts were repaired and we created new surfaces on the parts 
where the surfaces are no-contiguous base on referencing bone model in 
anatomy. Finally, smooth processing of surface was done shown in Figure 4.1 
(b). 
 
4.1.2 Reconstruction of Soft Tissues and Combining the Bone Models and 
Soft Tissue Models 
 
It was used the same study flow as the reconstruction of the bones for 
reconstructing the soft tissues. Due to using the models of the soft tissues 
which were segmented by medical images of healthy human, in other words, 
the soft tissues and the bones tissues do not belong to the same person. 
 
Figure 4.1 Reconstruction of the bone model 
(a) Purpose part cutting 
(b) Pro-processing of bone model 
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Therefore, combining the models of bones and the models of the soft tissues 
is necessary for constructing a knee joint model with knee OA patient.  
In this study, the shape of the bone models do not have to be changed. We 
used a way that changing the shape of the soft tissue models and position in 
world coordinate system based on changing the shape and matching position 
for combining to the bone models manually. Changing the shape of the soft 
tissue models based on two factors, one is that matching the bone shape in 
the contact surface between bone and soft tissue. Other one is that entirety 
the shape of the soft tissues were adjusted based on anatomy, for example 
deciding the thickness of the meniscus and cartilage. For instance, firstly we 
adjusted the shape of the femoral cartilage in contact surface with thigh bone 
to match and attach the surface of the thigh bone, and then adjusted the 
thickness of the femoral cartilage based on anatomy to match the contact 
surface between femoral cartilage and meniscus shown in Figure 4.2. The 
same way was used in the ligament models shown in Figure 4.3.  
 
(a) Adjusting the femoral cartilage model  
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Figure 4.2 Matching the soft tissue model to bone model 
(b) Adjusting the ligament models 
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Chapter 5 
Finite Element Analysis 
Model 
 
5.1 Geometry 
 
Carrying out the simulation of knee joint has been used a finite element model 
formed by the bones of the femur, tibia and fibula, the meniscus, the articular 
cartilage and tibial cartilage, included ligaments. It has been exported to be 
executed with the FEBio software. The materials of tissues are drawn from 
various papers. Subsequently, the boundary conditions are calculated from 
movement simulation based on walking generation model. Contacts between 
tissues and tissues were defined. 
The geometry was imported by pre-processing program of FEBio, which is 
called PreView. PreView is a FEM preprocessor that has been designed 
specifically to set up FE problems for FEBio. It allows the user to create or 
import meshes, specify the boundary conditions and material properties, and 
set the analysis options, all in a user-friendly graphical environment (Maas, 
S. A., et al., 2018). 
 
5.2 Mesh Generation  
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The knee joint surface model has to be constructed with a volumetric mesh to 
use in a finite element model. There is a simple and regular box as one 
element in FEBio. Any editing mesh is based on this regular box. The rest of 
the mesh is a projection from the regular box to the respective geometry. For 
instance, in the study, for matching a hook surface the surface of the inner 
box was projected onto the hook surface. The projection is segmented to create 
several layers of elements. In FEBio, all of the geometry primitives are 
composed of 8-node hexahedral elements and are composed of 4-node 
tetrahedron elements. 4-node tetrahedron linear elements were used shown 
in Figure 5.1. 
 
We used the type of element for two reasons: the geometry is the simplest 
format, and have wonderfully shape which fit for the surface of the knee joint 
model. Element size was defined differently in different tissues in order to 
increase calculational efficiency of simulation. For example, we used big 
element size in bone tissues, used small element size in purpose tissues: 
menisci, cartilages. In the study, it was done with Meshmixer ’ Remesh tool, 
which can edit the number of surface triangles. Bone models of number of 
surface triangles were reduced, and soft tissue of models of number of surface 
triangles were increased from initial number for reducing calculation time 
shown in Figure 5.2. 
 
 
Figure 5.1 Linear tetrahedron geometry 
4 
3 
1 
2 
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5.3 Material Properties 
 
5.3.1 Bones 
 
Thigh bone and tibial bone are very important structure in human body, 
which have special material properties characteristic. In the femur and tibia, 
there is an adaptation of the structure of the bone to the mechanical 
requirements due to the load on the femur. A various parts of the femur taken 
together compose a single mechanical structure very well adapted for the 
efficient transmission of the loads from the acetabulum to the tibia. (Hart, N. 
H., et al., 2017).  
The rigidity of bone affects its mechanical property. The different material 
property of bone is exhibited with different person. In the knee OA patients, 
the material property of bone also was measured difficultly. The material 
 
Figure 5.2 The finite element analysis model of the knee joint 
(a) The anterior view of model (b) The posterior view of model 
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properties of bone is approximately linear elastic, transversely isotropic. 
Because, bone’s rigidity is higher than these soft tissues very much. In order 
to reduction of calculation time, the thigh bone and tibial bone were assumed 
to be rigid body in the study. 1.132e-6 (kg/ m3) of bone density was set in the 
model. 
 
5.3.2 Menisci 
 
Menisci exhibited very complex the material property multiphasic system 
structure. The system structure allows fluid flowing from the tissue to the 
solution surrounding the tissue, vice versa, when the fluid passes to the pores, 
the force exerted on the walls of the pores causes more compaction. Therefore, 
it become more and more difficult to squeeze fluid from the other tissue in 
long time compression. It is a very important function that compression effect 
which is induced due to nonlinear flow in the physiology of menisci.  
The Neo-Hookean, Mooney-Rivlin, and Ogden hyperelastic models were often 
used for finite element analysis which were fit to the menisci material. In 
other study (Adam, C. A., et al., 2011), by comparison, there was little 
different between the two material models, Mooney-Rivlin and Ogden. 
However, due to better quantitative results and superior computational 
efficiency the Mooney-Rivlin material model was used widely in different 
studies such as finite element analysis study. LA Mihai compared four types 
of material model that neo-Hookean model, Mooney-Rivlin model, Fung 
model, Gent model and Ogden model (Mihai, L. A., et al., 2015). In this study, 
we tried to compare the simulation result in adding linear elastic and 
hyperelastic models, the result was little different between the material 
models. However, considering that the computational time of this simulation, 
the meniscus were considered to linear elastic and isotropic material with an 
elastic modulus of Ε = 59MPa, and a Poisson ratio of υ = 0.49 (LeRoux, M. A., 
et al., 2002). 
 
5.3.3 Cartilages 
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Cartilage also have complex material behavior. Cartilages is soft tissues 
which are hydrated in those surfaces. However, in the study, considering that 
the loading time of interest corresponded to that of a single leg stance is less 
than the viscoelastic time constant of cartilage approached 1500 s (Peña, E., 
et al., 2006). The cartilages were considered to behave as a single-phase linear 
elastic and isotropic material with an elastic modulus of Ε = 5MPa, and a 
Poisson ratio of υ = 0.46 (Guoan, L., et al., 2001). 
 
5.3.4 Ligaments 
We know that ligaments are composite, anisotropic structures. Ligaments can 
be tensioned but cannot be compressed when it are applied load. Unlike bone 
tissues, the ligaments are not nearly as much quantitative structure function 
relationships through experiment. This is for two reasons: 1) the structure of 
ligaments is much more difficult to quantify than bone, and 2) ligaments 
exhibit both nonlinear and viscoelastic behavior under loading, which is more 
difficult to analyze than the linear material property behavior of bone. In 
nonlinear behavior of ligaments, if ligament is stretched to its limit, the 
ligament stiffness increases. And increasing the ligament stiffness. The 
material properties of ligaments behavior is viscoelasticity. Viscoelasticity 
indicates time dependent mechanical behavior. Therefore, the relationship 
between stress and strain is not constant but depends on the time of 
displacement or load. There are two major types of characteristic of 
viscoelasticity. The one is creep. Creep is increasing deformation under load. 
The material not exhibit increase deformation no matter how long the load 
which is applied. And the other one is stress relaxation. This means that the 
stress will be reduced or will relax when the deformation is constant. 
Described in this section are the mechanical behavior of ligamentous tissue, 
the physiological origin of this behavior, and the implications of such 
properties to ligament function during normal joint motion. Ligaments are 
the fibrous connective tissue that connects bones to other bones, which are 
very import tissues in knee joint kinematics. 
In order to representing the nonlinear viscoelasticity material property of 
ligaments (Shearer, T., 2015). In the study, it were represented that material 
properties of four ligaments located at knee joint of anterior cruciate ligament 
(ACL), posterior cruciate ligament (PCL), medial collateral ligament (MCL) 
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and lateral collateral ligament (LCL). The ligaments were defined as 
incompressible, transversely isotropic hyperelastic fiber material (Gardiner, 
J. C., et al., 2001) with a Mooney-Rivlin (Maas, S. A., et al., 2012). A Mooney-
Rivlin model which is defined by strain energy function with two-parameters, 
three-parameters, five-parameters or nine-parameters is a hyperelastic 
material model. The strain energy function of Mooney-Rivlin:  
 
 W = 𝐶1(𝐼1̅ − 3) + 𝐶2(𝐼2̅ − 3) +
𝐾
2
(ln (𝐽))2 + 𝐹(?̅?) 
with 
 ?̅?
𝜕𝐹
𝜕?̅?
= {
0 ?̅? < 1
𝐶3(𝑒
𝐶4(?̅?−1) − 1) 1 ≤ ?̅? < 𝜆𝑚
𝐶5 + 𝐶6?̅? ?̅? ≥ 𝜆𝑚
 
 
Where, 
𝐶1 and 𝐶2:Mooney-Rivlin constants (MPa) 
𝐶3-𝐶6: Fiber material function constants 
𝐼1̅: First invariant of the deviatoric right Cauchy-Green deformation tensor 
𝐼1̅: Second invariant of the deviatoric right Cauchy-Green deformation tensor 
 J: Determinant of the deformation gradient tensor (volume ratio) 
F: Strain energy density component based on the deviatoric fiber stretch 
𝜆𝑚: Straightened fiber stretch 
?̅?: Deviatoric part of the stretch along fiber direction 
 The parameters for representing the ligaments material were quoted from 
literature (Peña, E., et al., 2006) and reported in Table 1. 
 
Ligaments Density 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐾 λm 
ACL 1.5e-9 1.95 0 0.0139 116.22 535.039 73.2 1.046 
PCL 1.5e-9 3.25 0 0.1196 87.178 431.063 122 1.035 
MCL 1.5e-9 1.44 0 0.57 48 467.1 397 1.063 
LCL 1.5e-9 1.44 0 0.57 48 467.1 397 1.063 
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5.4 Contact Defining 
 
The contact problem in the knee is complex. The contact between bone and 
ligament, ligament and ligament, meniscus and cartilage and so on have 
different behavior properties.  
For instance, the tibial plateau of the knee exhibits a concave surface on the 
medial side and a convex surface on the lateral side. This medial plateau 
concavity results in a good conformity of the medial compartment (Figure 5.2) 
and thereby the contact location is more sensitive to rotation on the medial 
side than the lateral side (Andriacchi, T. P., et al., 2006). Therefore, in the 
tibial plateau of the knee contact, it exhibit different contact behavior that 
the different displacement or deformation of the tissue is took place during a 
same load.  
For instance, the ligament exhibits complex contacts. In contact between 
ligament and bone, the displacement and deformation of ligament depends on 
the contact surface of bone under loads. The contact between cartilage and 
meniscus unlike the contact ligament and bone that contact with soft tissue. 
The displacement and deformation variation depends on the several factor 
that the shape of the contact surface, material of the tissues and so on. 
In the contact of the knee, three types of the contact were defined: 1) rigid 
contact occurring on the adhere part with tissues and tissues such as 
cartilage-bone and ligament-bone. 2) Frictionless contact occurring on the 
sliding contact while the happening the motion of the knee such as ligament-
bone, cartilage-menisci, ligament-ligament and ligament-meniscus. 3) Elastic 
sliding contact were considered in the contact model for representing the 
contact behavior with tibial cartilage and meniscus. 
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5.4.1 Contact Surface 
Nineteen contact zones were defined in PreView. To simulate real contact 
between tissue and tissue, three kinds of contact types that rigid contact, 
frictionless contact and elastic sliding contact were defined. Different contact 
types were defined for all the articulations. Therefore, in a soft tissue, 
different parts be divided in order to present different contact zones which 
were used in contact definite in the next step. 
Firstly, ligaments were divided into three parts. Two parts are located in 
region of the femoral insertion and tibial insertion were divided, and the other 
part was divided for simulating contact between a ligament and a bone shown 
in Figure 5.4.  
 
 
 
Figure 5.3 Contact theory of knee joint 
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The femoral cartilage was divided into two parts that one part as a contact 
zone for bond on the femoral condyle nearby the side of the thigh bone and 
one part as a contact surface for contact with meniscus and tibial cartilages 
nearby the side of the tibial bone shown in Figure 5.5 (a).  
The meniscus is located between the femoral cartilage and the tibial 
cartilages. Two parts as contact surfaces were divided, that one is near the 
side of the thigh bone and the other one is near the side of the tibial bone 
shown in Figure 5.5 (b). 
 
Figure 5.4 Definition of the contact surface on the ligaments 
(d) Contact surface of the LCL (c) Contact surface of the MCL 
(b) Contact surfaces of the PCL (a) Contact surfaces of the ACL 
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 The parts of tibial cartilages are on the equality with the femoral cartilage, 
that one part as a contact surface for bond on the tibial condyle nearby the 
side of the tibial bone and one part as a contact surface for contact with 
meniscus and femoral cartilage nearby the side of the thigh bone shown in 
Figure 5.5 (c). 
 
5.4.2 Rigid Contact 
 
Femoral cartilage-Femur 
Contact surface of femoral cartilage nearby the side of thigh bone is bonded 
on femoral condyle in thigh bone. Therefore, in the study, contact between the 
thigh bones and the femoral cartilage were defined a rigid contact was shown 
in Fig 5.6 (a).  
 
 
 
Figure 5.5 Definition of the contact surface on the meniscus and cartilages 
(a) Contact surfaces of the femoral cartilage 
(b) Contact surfaces of the meniscus 
Contact surfaces with tibial cartilage 
(c) Contact surfaces of the tibial cartilage 
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Tibial cartilages-Tibial bone 
Contact structure between tibial bone and tibial cartilage is the same cause 
with contact of thigh bone and femoral cartilage. We also defined rigid contact 
in the contact surface between the tibial bone and the tibial cartilage was 
shown in Fig 5.6 (b). 
 
Ligaments-Bones 
Tendons have large parallel fibers that insert uniformly into the bone. 
Ligament fibers are of smaller diameter than the tendon fibers, which can be 
either parallel or branching and interwoven. Ligament insertion sites are well 
suited for dissipating force. As the ligament passes through the insertion site, 
it is transformed from ligament to fibrocartilage and then to bone. Two 
different types of insertions exist: direct, which is more common, where the 
ligament crosses the mineralization front and progresses from fibril to 
fibrocartilage (usually less than 0.6 mm), to mineralized fibrocartilage (less 
than 
0.4 mm), and finally to bone; indirect, which is less common, where it inserts 
into bone through the periosteum, with short fibers that are anchored to the 
bone. For quick reference, we have included a table for comparative properties 
of biological materials (2019). 
The ligaments insertions which were boned on bones were considered. It was 
defined as rigid contact between those contact surface that ligaments 
insertions and contact surface of bones was shown in Fig 5.6 (c). 
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5.4.3 Frictionless Contact 
 
The meniscus, the femoral cartilage and tibial cartilage tissues are well 
adapted to slide. Those coefficient of friction is very small, even the coefficient 
of friction are several times smaller than between ice and an ice skate. The 
articular cartilage tissues are kinds of semitransparent elastic materials, 
which cover on the femoral bone and tibial bone in the knee joint. Those soft 
tissues work as a cushion between the bones that transfer knee joint loading 
from one to the other one due to weakening pressure and providing almost 
 
Figure 5.5 Rigid contact   
(a) Contact with femur and femoral cartilage 
(c) Contact with bones and ligaments 
(b) Contact with tibial and tibial cartilage 
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frictionless contact surfaces for the normal movement of the knee joint. Knee 
OA causes a chronic knee joint pain that is mainly due to malfunction of 
articular cartilage.  
As we know, the sliding between the soft tissues is very complex in the 
movement of the knee joint that is affected by a lot of factors, such as flow 
conditions of fluid on the soft tissue surfaces. Finite element contact analysis 
is a wonderful mothed for representing contact between the soft tissues. It is 
not a problem in a case of a plane indenter such as bone tissue against a plane, 
where the contact occur immediately and the contact area remains 
unchanged under static loading. However, in the contact as two tissue 
surfaces, cartilage surfaces or meniscus surfaces or ligament surfaces take 
place deformation and contact area will change (see Figure 5.6).  
 In sliding contact, the contact as two crucial ligament surfaces, as two 
collateral ligament surfaces and bone surfaces, as meniscus surfaces and 
femoral cartilage surface and as two collateral ligament surfaces and 
meniscus surfaces were analyzed.     
 
Contact Surface (master surface and slave surface) 
In FEBio, all contact models have a defined function that involves receiving 
the force contact of a node of the slave surface (slave surface) and the distance 
from this node to the main surface (master surface). The default model is the 
Lagrangian multiplier method, that it is modeled to limit the motion of 
surface nodes on the other. In the contact model, it is zero if there is no contact 
 
 
Figure 5.6 Sliding contact 
slave surface 
master surface 
contact nodes 
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between surfaces (Figure 5.6). For modeling the contact force between the 
tissues were used a sliding interface. This interface can be used to set a non-
penetrating constraint between the two surfaces. In a usual contact problem, 
the purpose surface usually referred to as the slave surface. If the contact 
surfaces are perfectly smooth, it does not matter which surface acts as the 
slave surface or master surface. However, in a finite element simulation the 
surfaces are discretized and are difficult to calculate using the usual contact 
problem method. Therefore, the choice of master and slave surfaces is 
important. In surface contact analysis, always it is recommended to assign 
the surface with finer mesh as a slave surface, and the surface with rough 
mesh surface as master surface. It is recommended to assign the surface with 
rigid body as master surface and the soft body as slave surface. 
 
Frictionless Contact 
Basing on relation of master surface and slave surface, we know that the 
contact surface of bone is defined as a master surface and contact surface of 
soft tissues are defined as a slave surface, due to the nodes on the rigid surface 
are limited by fixation of the rigid body. However, in the contact between soft 
tissues, which contact surface to be defined as the master surface and slave 
surface depends on the problem.  
In the study, we defined frictionless contact based on the sliding contact 
between contact surface of the femoral cartilage and the menisci, the femoral 
cartilage and the tibial cartilages, the tibial bone and the collateral ligaments, 
ACL and PCL. The contact surface that contact with menisci of femoral 
cartilage as a master surface and the contact surface that contact with 
femoral cartilage of menisci as a slave surfaces included in the project were 
shown in Figure 5.7.  
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In the same cause, the contact between femoral cartilage and tibial cartilages 
was defined that the contact surface of femoral cartilage as a master surface 
and the contact surface of tibial cartilages as slave surfaces. In contact with 
ACL and PCL, we defined ACL as a master surface and PCL as a slave surface 
in the study was shown in Figure 5.8 (a). The contact between collateral 
ligaments and tibial bone were defined based on relation of contact of rigid 
body and soft tissues. In the study, in order to check mechanical characteristic 
of the menisci, the menisci with very finer mesh were generated. Therefore, 
the contact surfaces of menisci as slave surfaces and the contact surfaces of 
collateral ligaments as master surfaces were defined were shown in Figure 
5.8 (b). 
   
Figure 5.7 The master-slave surface in the femoral cartilage-meniscus contact 
 
Figure 5.8 Contact of ligaments 
(a) The master surface is located on femoral 
cartilage  
(b) The slave surface is located on meniscus 
(a) Contact with ACL and PCL 
(b) Contact with collateral ligament and bone, 
meniscus 
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5.3.3 Elastic Sliding Contact 
 
 In order to present the contact structure between menisci and tibial cartilage, 
the elastic sliding contact was defined in FEBio. In elastic sliding, a sliding 
surface that uses a different algorithm for detecting contact and evaluating 
the contact integrals than the frictionless contact (Maas, S. A., et al., 2018). 
Elastic sliding contact have the same point with frictionless contact that the 
slave surface have strain when it received a force from main surface were 
shown in Figure 5.9. However, when the main surface distance from the slave 
surface, the slave surface can stick with the main surface and follow it to move 
was shown in Fig 5.9. For modeling the contact force between the tissues were 
used a sliding interface. This interface also can be used to set a non-
penetrating constraint between the two surfaces. 
 
Menisci-Tibial cartilages 
The contact between the menisci and tibial cartilages were defined based on 
elastic sliding contact (Figure 5.10). The contact is not only can present elastic 
contact in the vertical direction but also can present elastic in the cross 
direction. When the meniscus are suffered a compress, the type of the contact 
behavior is same to the frictionless contact. When it occurs a shearing force 
or other force not along vertical direction with the surface of the tibial plateau, 
the meniscus will present adhesion behavior. 
 
 
Figure 5.9 Sliding elastic contact 
slave surface 
master surface 
contact nodes 
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Figure 5.10 Contact with menicscus and tibial cartilage 
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Chapter 6 
Combining of the FEA 
Model and the Walking 
Generation Model 
 
6.1 Walking Generation Model 
 
The loads of the knee joint surfaces that it is the joint compress force, which 
occur a result of external forces (for example ground reaction forces) and the 
muscle forces that are required to maintain posture and facilitate body 
movement. Ligament forces are passive internal forces, which are worked in 
response to the knee joint motion or external loading. Due to the anatomical 
and structural complexity of the knee joint, the internal forces of the joint 
cannot be measured with accuracy during daily activities for example gait. 
Attempts to measure the forces require both experimental data and 
computational modeling for example musculoskeletal model. Preceding 
studys estimated knee joint forces of approximately 3 body weight when 
walking (Morrison, J. B., 1969) (Anderson, F. C., et al., 2001). 
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6.1.1 Musculoskeletal Model 
 
The muscular forces or articular forces as a boundary condition are necessary 
for calculation of the knee joint loading. The articular muscles of knee were 
not considered in the FEM model. Therefore, we have planned to add articular 
forces to this model. Musculoskeletal model has been widely applied to 
calculate internal loads. In the study, a three-dimensional whole-body 
musculoskeletal model (Kazunori, H., et al., 2002) was applied, which was 
constructed by Hase. The model include two parts that one is a 
musculoskeletal model, another is a neuronal control model. As shown in 
Figure 6.1 (a), the mass distribution of the whole body was approximated as 
a three-dimensional musculoskeletal model system. The musculoskeletal 
model includes 92 muscles in the whole-body was shown in Figure 6.1 (a). 
Neuronal control model consists of 16 pairs of neural oscillators and sensory 
feedback systems shown in Figure 6.1 (b). 
 
 
 
    
Figure 6.1 Mechanical walking generation model of whole body 
(a) Walking model (b) Musculo-skeletal model sytem 
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Peripheral System
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6.1.2 Knee joint loading 
 
Normal walking was analyzed using the rigid link model and the 
musculoskeletal model. In order to calculate articular force, a walking 
generation model was constructed through substitution of a human body 
motion and external forces which were measured. Body motion were 
measured using a lot of sets of three-dimensional motion capture camera 
system. External forces were measured using a force plate system during gait.  
In the study, we have planned to obtain to the reaction force on the tibial 
plateau that included articular surfaces of tibial bone, tibial cartilages and 
menisci under the external forces to which it is subjected. The tibial forces as 
knee joint loading was calculated using the walking generation model.  
 
6.2 Boundary Condition and Loads 
 
6.2.1 Tibial Coordinate System 
 
In the study, the model of tibial bone and the model of fibula bone were 
fastened in the world coordinate system and femoral bone as a movable joint 
was defined. In order to describe the relative motion of femoral bone and tibial 
bone, a tibial local coordinate system was fixed in each bone. Due to inputting 
the knee joint loading to the femoral bone, the origin of the tibila local 
coordinate system have to fix in the rotation center of the femoral bone. 
Therefore, we choose a method of definition of coordinate system that the  
tibial local coordinate system was defined locating the center of the medial 
and lateral condyle of femur and the femoral shaft. In other words, the origin 
of the coordinate system was defined the midpoint of the center of the medial 
condyle of femur and the center of the femoral lateral condyle (Tatsuya, K., et 
al., 2016). The direction of the femoral shaft as the Z axis, the axis of bending 
and stretching of the knee joint as the X axis, and the Y axis was determined 
as the cross product of the X axis and the Z axis. The direction of X, Y and Z 
axis were shown in Figure 6.2.  
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6.2.2 Knee joint Force 
 
In the study, normal walking was analyzed using the FEM model through 
input of the knee joint loading. In this analysis, we chose four representative 
periods that those are heel strike, maximum compress (about 20% in gait 
cycle), mid-stance and toe off in gait cycle shown in Figure 6.3. The four knee 
joint angles corresponding to four periods were calculated by using the 
walking generation model. 
 
Figure 6.2 The tibial coordinate system 
 
Figure 6.3 Joint contact force in the knee 
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In the walking generation model, a walking motion pattern of normal walking 
was generated. The knee joint angle during walking and the joint 
compression force vector onto the knee joint were calculated through the gait 
simulation using the walking generation model. The obtained joint 
compression force vectors as the knee joint loading were inputted in the 
coordinate system, and it was used as the constraint of the FEM model.  
Although the articular muscles of the knee joint were not considered in the 
knee joint model in the study. However, the joint compression force 
considering the influence of the muscle force were calculated. Therefore, even 
if there is no muscle model in the FEM model of the knee joint, the influence 
of muscle movements are taken into consideration. 
In the finite element analysis, as shown in Figure 6.4. Four representative 
periods of heel strike shown in Figure 6.4 (a), joint compression force 
maximum (about 20% in gait cycle) shown in Figure 6.4 (b), mid-stance shown 
in Figure 6.4 (c) and toe off shown in Figure 6.4 (d) were chose. The four three-
dimensional posture of femur presenting as the knee joint angles were 
acquired from the walking generation model. The knee joint of the walking 
generation model is one degree of freedom joint during flexion and extension 
of the knee joint, only the bending angle can be obtained from the walking 
generation model. Therefore, regarding the initial condition of varus angle 
and valgus angle, medial and lateral rotation angle and the forward moving 
amount, we referred to Sakurai et al ’s study (Yoshimi, S., et al., 2012), The 
angles and displacement corresponding to each walking periods were 
determined. In the analysis, we set these femoral posture as the initial 
posture, further inputted the joint compression force vector as the Body Force 
to the femur of the knee joint model. 
In this study, we constructed the four models to correspondence to the initial 
positions of four phases of the normal gait cycle. The flexion-extension angles 
in the phases during the gait were obtained by the walking generation model, 
and we adjusted the angles based on other study result introduced in this 
chapter, in order to matching nature knee structure with knee OA patient. 
The four models not only included the flexion-extension position in each 
phases during the gait, the anterior-posterior translation, internal-external 
rotation angles and valgus-varus moment angles also were considered. The 
values was estimated based on the knee kinematic study, which was 
introduced in chapter 2. 
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Figure 6.4 Four representative phase during gait 
(a) Heel strike (d) Toe off (c) Mid-stance (b) Maximum joint 
compression  
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Chapter 7 
Knee Brace Model 
 
7.1 Introduction  
 
Knee orthotic is a special design thing in the medical and rehabilitation field 
that for providing stability, support and pain relief on the knee joint with 
medial OA patients. Unloader OA knee brace is one of several types of knee 
orthotic that is widely used for helping knee OA patients. Unloader knee 
brace is structured by plastic and foam to stabilize the knee joint. Unloader 
knee brace is designed to transfer knee joint loading on the knee joint from 
one side to the other side using a three-point bending system which apply 
pressure on the thigh bone, tibial bone and lateral side of the knee shown in 
Figure 7.1. The three forces are generated by the compress from the belt and 
shell applied to the medial side of the femur, the lateral side of knee joint and 
the medial side of lower leg. In other words, unloader knee brace can shift 
pressure from the affected side of the knee joint to the healthier side of the 
knee joint (Draper, E. R., et al., 2000) (Horlick, S. G., et al., 1993) (Kirkley, A., 
et al., 1999) (Ramsey, D. K., et al., 2009). It can limit varus moment of the 
knee joint, which generate a moment opposite to the moment of the knee joint. 
The moment forces the gap separation of two bones of the affected side of the 
knee joint to reduce the painful area of the knee joint. 
Through using unloader knee brace, knee OA patients can delay knee 
replacement surgery. It is generally considered a cost-effective treatment that 
offers pain relief without side effects. The unloader knee brace is designed 
using a three-point bending system is also called valgus knee brace. A result 
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(Kutzner, I., et al., 2011) of using valgus knee brace can reduce the medial 
knee joint loading from nine percentage to 30 percentage was introduced. 
 
Rotation knee brace as a type of the unloader knee brace is designed by 
internally rotating the lower leg is also widely used for helping knee OA 
patients. Basing on the movement relationship between knee joint and foot, 
the knee brace is designed. It is possible to reduce the adduction moment by 
increasing the external rotation of the ipsilateral leg and foot. Indeed, 
external rotation makes it possible to shift the vertical axis of the ground 
reaction force vector backwards and medially toward the center of the knee 
joint, which reduces the knee adduction moment. 
 
Figure 7.1 Action principle of valgus knee brace 
(a) Valgus knee brace (b) Change of the knee joint 
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Recent years, valgus-rotation knee brace is a new generation knee brace with 
a different mechanism of action. The knee brace to design is for combing the 
function of valgus knee brace and rotation knee brace. Valgus-rotation is 
designed to work by creating a valgus moment on the knee joint and internal 
rotation on the lower leg during knee extension. When the knee extends, the 
medial and lateral hinges move along the vertical and the horizontal axes, 
respectively. And the extension angles of the hinges are different, the hinges 
occur the valgus based on the mechanics of the design joint. These movements 
mechanically respectively induce valgus on the knee joint and external 
rotation on the femur. The displacements of the medial and lateral hinges 
that aim to reduce the loading on the medial side of the knee. In this knee 
brace, the hinges play an important role. When the knee extends in the stance 
phase, a medial hinge causes the knee brace to extend, thereby creating 
distraction between the femur and tibia and creating a valgus moment on the 
knee joint. The lateral hinge causes the knee joint to move backward along 
the midline of the hinge, simultaneously causing on an internal rotation of 
the tibial bone. The knee brace induces valgus and internal rotation when the 
knee joint extends and the effect is none when the knee joint flexs. That 
means the effect be developed on the extension knee. 
 
Figure 7.2  Action principle of rotation knee brace 
(b) Foot pronation causing lower leg 
rotation  
(a) Rotation knee brace 
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7.2 Mechanical knee brace 
 
In preceding study, knee braces were evaluated through using the knee braces 
in the valgus, rotation or internal angle by experiment. For instance, Fabian 
E. Pollo measured the valgus moment applied by the adjustable valgus knee 
brace and determined the compressive load (Pollo, F. E., et al., 2002). 
Different optimal values that valgus or rotation were shown in different 
studies (Ramsey, D. K., et al., 2009). We still cannot fully evaluate, which is 
the best valgus or rotation angle in the knee brace as a best treatment effect 
for knee OA. Due to diversity at the patients, the valgus or rotation angle be 
difficult to be decided, thus the valgus or rotation moment still further 
difficult to be measured. 
In the study, we constructed the three types of knee brace model. The models 
 
Figure 7.3  Action principle of valgus-rotation knee brace 
(a) Valgus-rotation knee brace (b) Causing knee joint valgus and 
lower leg rotation 
Medial 
hinge 
Lateral 
hinge 
Joint 
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are not shape model, but the mechanical models, which was simplified to 
moment forces on the knee joint. We simplified the valgus knee brace to a 
valgus moment with 150 MPa applied to the femoral bone. The rotation knee 
brace was simplified to an external rotation moment with 20 MPa applied to 
the femoral bone. We also simplified the valgus-rotation with 150 and 20 MPa 
knee brace to a valgus moment and an external rotation moment respectively 
applied to the femoral bone. 
 
 
The calculation time for simulation was approximately 40 minutes while the 
model without knee brace model. And the calculation also not exceeded 1 
hours (using on a 32 GB RAM, Intel(R) Core(TM) i7-5820K CPU @ 3.30 GHz 
Windows 10 Pro 64 bit at Tokyo metropolitan university). 
  
 
Figure 7.4 Mechanical knee brace model 
(a) Valgus knee brace (c) Valgus-rotation knee brace (b) Rotation knee brace 
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Chapter 8 
Result and Discussion  
 
8.1 Contact Pressure of the Meniscus without 
the Knee Brace 
 
In this study, the internal forces that the mechanical loading occurring on the 
meniscus were calculated in each stances that heel strike, joint compression 
force maximum, mid-stance and toe off through the finite element analysis.  
As shown in Figure 8.1 (a), in initial hell contact, the highest contact pressure 
took place in the medial region of the medial meniscus with a maximum of 
2.2 MPa, and the highest contact pressure also took place in the medial region 
of the lateral meniscus. The contact pressures occurring on the medial 
meniscus were slightly higher than occurring on the lateral meniscus one. 
The medial meniscus took place displacement along the medial direction. In 
addition, the thigh bone took place internal rotation.  
In joint compression force maximum, not only the loading applying on the 
knee joint is highest in vertical direction, but also the loading is high in 
medial-lateral direction and anterior-posterior direction. The highest contact 
pressure took place in the medial region of the medial meniscus with a 
maximum of 3.1 MPa. The highest contact pressure took place in the medial 
region of the lateral meniscus and the contact pressures occurring on the 
medial meniscus were slightly higher than occurring on the lateral meniscus 
one as shown in Figure 8.1 (b). The contact area of the medial meniscus is the 
biggest in gait cycle and we also known that the contact area of the medial 
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meniscus is 1.5 times of the contact area with the lateral meniscus. In the 
result, the posterior horns of the medial meniscus and the lateral meniscus 
took place displacement along the posterior direction. In addition, the thigh 
bone took place medial displacement and internal rotation. 
In mid-stance, the knee joint is in the positon of maximum extension, the 
loading applying on the knee joint is high in vertical direction. The contact 
pressure took place in the medial region and posterior region of the medial 
meniscus, took place in the medial region and anterior region of the lateral 
meniscus. The highest contact pressure took place in the medial region of the 
lateral meniscus with a maximum of 2.3 MPa shown in Figure 8.1 (c). 
However, the highest contact pressure took place in the posterior region of the 
medial meniscus was little different with the highest contact pressure of the 
lateral meniscus, and the contact area occurring on the medial meniscus is 
about 2 times of the contact area with the lateral meniscus. We also knew 
that, the posterior horn of the medial meniscus took displacement along the 
posterior direction and the lateral side of the medial region of the lateral 
meniscus took displacement of 2.23 mm along the lateral direction. In 
addition, the thigh bone took place anterior and lateral displacement.  
In toe off, the knee joint is in the position of maximum flexion. The joint 
loading was extremely lower in vertical, medial-lateral and anterior-posterior 
direction. The contact pressure took place in the medial region and posterior 
region of the medial meniscus. The peak value of the 0.9 MPa of the contact 
pressure occurred on the medial meniscus shown in Figure 8.1 (d). As well, 
the contact pressure occurring on the lateral meniscus was extremely lower 
and the contact area with the medial meniscus was also bigger than take 
placing lateral meniscus one. In the result, the loading applied on the knee 
joint was substantially lower in gait cycle, however the displacement of the 
meniscus and thigh bone were pronounced. The medial region of the lateral 
meniscus took place displacement along the lateral direction, and we knew 
that the medial meniscus not took place displace along any direction. In 
addition, the thigh bone took place lateral and anterior displacement. 
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Figure 8.1 Contact pressure distribution without knee brace 
(a) Heel strike 
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(b) Maximum joint compression 
(d) Toe off 
(c) Mid-stance 
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8.2 Contact Pressure of the Meniscus with the 
Knee Brace 
 
8.2.1 Contact Pressure Distribution of the Meniscus with the Knee Braces in 
Heel strike 
 
We analyze normal walking in heel strike, joint compression force maximum, 
mid-stance and toe off with the three types of the knee brace that valgus knee 
brace, rotation knee brace and valgus-rotation knee brace. 
In heel strike, the highest contact pressure took place in the medial region of 
the medial meniscus with a maximum of 2.2 MPa, and the highest value took 
place in the medial region of the lateral meniscus with a maximum of 2 MPa 
shown in Figure 8.2 (a). 
In case of wearing the valgus knee brace, the obviously reduction of the 
loading taking place in the medial meniscus was shown in Figure 8.2 (b). The 
contact area of the medial meniscus extremely decreased with the valgus 
knee brace and the contact only happened on the medial region and posterior 
horn of the medial meniscus. The highest contact pressure took place in the 
medial meniscus with a maximum of 1.4 MPa. However, we obtained a result 
that the contact pressure significantly increased in the lateral meniscus, the 
value was 2.47 MPa. The posterior horn of the medial meniscus took slightly 
displacement along the posterior direction without the knee brace. That is the 
same with the case of wearing the knee brace. The anterior horn of the lateral 
meniscus took displacement along the anterior direction, but the 
displacement was not as obvious as the one without knee brace. In the result, 
the lateral side of the medial region of the lateral meniscus took displacement 
of 4.34 mm along the lateral direction. In addition, the thigh bone took place 
anterior and lateral displacement, the result of the thigh bone displacement 
was little different with the wearing without the knee brace one. 
In the case of wearing the rotation knee brace, the contact area with both the 
medial meniscus and lateral meniscus slightly decreased. The loading 
occurring on the medial meniscus relieved, the highest contact pressure with 
a maximum of 2 MPa shown in Figure 8.2 (c). The contact pressure taking 
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place in the lateral meniscus slightly increased, the value was 2.1 MPa. We 
obtained a result that except for the replacement on the lateral side of the 
medial region of the lateral meniscus, we also calculated that the anterior 
horn of the lateral meniscus took displacement of 1.27 mm along the medial 
direction. 
While wearing the valgus-rotation knee brace, the loading occurring on the 
medial meniscus obviously decreased and the loading taking place in the 
lateral meniscus slightly increased. The highest contact pressure took place 
in the medial meniscus with a maximum of 1.38 MPa, and the peak value on 
the lateral meniscus was 2.58 MPa. The version tendency of the contact area 
were shown in Figure 8.2 (c). In the result, the lateral side of the medial region 
of the lateral meniscus took displacement of 4.44 mm, and the slight 
displacement of the anterior horn of the lateral meniscus and the posterior 
horn of the medial meniscus were calculated.  
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Fig 8.2 Graph shown a comparing of highest contact pressure occurring on 
meniscus while wearing the knee brace and without knee brace during heel 
strike  
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Figure 8.3 Contact Pressure Distribution of the Meniscus with the knee braces in heel strike 
(b) Contact pressure with the valgus brace 
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0 
[MPa] 
1.5 
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(c) Contact pressure with the rotation brace 
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8.2.2 Contact Pressure Distribution of the Meniscus with the Knee Braces in 
Maximum Joint Compress  
 
In joint compression maximum, the highest contact pressure took place in the 
medial region of the medial meniscus with a maximum of 3.14 MPa, and the 
peak value of contact occurring on the lateral meniscus was 3 MPa without 
the knee brace shown in Figure 8.3 (a). The contact area was the biggest on 
the medial meniscus during gait cycle, and the contact area with the lateral 
meniscus also covered the anterior, medial and posterior region.  
In the case of wearing the valgus knee brace, the contact area with the medial 
meniscus distinctly decreased and a significant change of the contact area 
with the lateral meniscus were not found. However, there was an obvious 
increase in the highest contact pressure with a maximum of 3.63 MPa, 
occurring on the lateral meniscus. We obtained an excellent result that, the 
contact pressure obviously was relieved on the medial meniscus, and the 
highest contact was 2.13 MPa shown in Figure 8.3 (b). We also calculated that 
there has a slight tendency of the posterior direction in the contact 
distribution of the medial meniscus. The posterior horn of the medial 
meniscus extremely occurred displacement of 2.11 mm along the posterior 
direction. In the side of the lateral meniscus, the anterior horn, the posterior 
horn and the lateral side of the medial region slightly took displacement. In 
addition, the tibia bone displacement occurred slight increase, the increment 
is 1.25 mm. 
In the case of wearing the rotation knee brace, the slight reduction of the 
contact occurring on both of the medial meniscus and lateral meniscus was 
shown in Figure 8.3 (c). We obtained a result of the reduction of the contact 
pressure both of the medial and lateral meniscus that the highest contact 
pressure took place in the medial region of the medial meniscus with a 
maximum of 3.1 MPa, and the highest contact pressure took place in the 
lateral meniscus with maximum of 2.97 MPa. The posterior horn and the 
lateral side of the medial region of the medial meniscus took obvious 
displacement. In those displacement, the displacement of 1.84 mm in the 
medial region of the medial meniscus happened along the lateral direction. 
We also obtained that a result of the displacement occurring on the anterior 
horn of the lateral meniscus, posterior horn of the lateral meniscus and the 
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lateral side of the medial region of the lateral meniscus. Those displacement 
had relatively values. 
In the case of the valgus-rotation knee brace, the contact area and the contact 
pressure of the both of the medial and lateral meniscus obviously occurred 
reduction. We also obtained good results that the highest contact pressure 
took place in the medial meniscus with a maximum of 2.3 MPa and the 
highest contact pressure occurring on the lateral meniscus was 2.5 MPa 
shown in Figure 8.3 (d). In addition, the posterior horn of the medial meniscus 
took displacement of 2 mm along the posterior direction while the knee joint 
not wearing the knee brace. In the case of the wearing the knee brace, the 
displacement obviously decreased, but the change of the displacement 
occurring on the lateral was not obtained along any direction. 
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Fig 8.4 Graph shown a comparing of highest contact pressure occurring on meniscus 
while wearing the knee brace and without knee brace during maximum joint 
compress  
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Figure 8.5 Contact Pressure Distribution of the Meniscus with the knee braces in maximum 
joint compress 
(a) Contact pressure without brace 
(b) Contact pressure with valgus brace 
(c) Contact pressure with rotation brace 
(d) Contact pressure with valgus-rotation brace 
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8.2.3 Contact Pressure Distribution of the Meniscus with the Knee Braces in 
Toe Off 
 
In mid-stance, the highest contact pressure took place in the medial region of 
the lateral meniscus with a maximum of 2.3 MPa, and the highest contact 
pressure took place in the medial region of the medial meniscus with a 
maximum of 2.21 MPa shown in Figure 8.4 (a). 
In the case of wearing the valgus knee brace, the reduction of the loading 
occurring on the medial meniscus was shown in Figure 8.4 (b). The contact 
area of the medial meniscus also extremely decreased with the valgus knee 
brace and the peak value of contact pressure was 1.5 MPa. In the lateral 
meniscus, increase in the loading was shown, the contact area was little 
different with the wearing without the valgus knee brace one. However, a 
significant increase in the contact pressure with a maximum of 2.57 MPa was 
calculated. The contact area has a tendency of move forward in the lateral 
meniscus. In the result, the posterior horn of the medial meniscus took 
displacement along the posterior direction without the knee brace. While 
wearing the knee brace, the displacement in the posterior horn took slightly. 
The anterior horn of the lateral meniscus took displacement along the 
anterior direction. The result was obtain that the lateral side of the medial 
region of the lateral meniscus took displacement of 1.88 mm along the lateral 
direction. In addition, the thigh bone took place anterior and lateral 
displacement, the result of the thigh bone displacement was same to wearing 
without the knee brace one. 
In the case of wearing the rotation knee brace, the reduction of the loading 
occurring on the medial meniscus and lateral meniscus was shown in Figure 
8.4 (c). The contact area of both the medial meniscus and lateral meniscus 
slightly decreased and the variation of the contact area were little different 
wearing without the knee brace one. The highest contact pressure took place 
in the medial meniscus with a maximum of 1.68 MPa, and the highest contact 
pressure took place in the lateral meniscus with a maximum of 1.76 MPa. The 
anterior horn of the medial meniscus took displacement of 0.38 mm along the 
anterior direction, and the lateral side of the medial region of the lateral 
meniscus took displacement of 1.52 mm along the lateral direction. In 
addition, the displacement of the thigh bone slightly decreased. 
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In the case of wearing the valgus-rotation knee brace, the contact area with 
the medial meniscus extremely decrease and the reduction of the loading 
occurring on the medial meniscus was shown in Figure 8.4 (d). The highest 
contact pressure took place in the medial meniscus with a maximum of 1.55 
MPa. The contact area of the lateral meniscus slightly moved forward. The 
peak value of highest contact pressure took place in the lateral meniscus with 
2.5 MPa was calculated. In the result, the posterior horn of the medial 
meniscus slightly took displacement along the posterior direction. The lateral 
side of the medial region of the lateral meniscus taking displacement 
decreased, and the anterior horn took displacement of 3.62 mm along the 
medial direction. In addition, we obtain a result that the thigh bone 
displacement was bigger than wearing without the knee brace one. The 
highest contact pressure occurring on the medial and lateral meniscus in 
cause of wearing the knee braces and not shown in Table 2. 
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Fig 8.6 Graph shown a comparing of highest contact pressure occurring on 
meniscus while wearing the knee brace and without knee brace during toe off 
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Figure 8.4 Contact Pressure Distribution of the Meniscus with the knee braces in toe off 
(a) Contact pressure without brace 
(b) Contact pressure with valgus brace 
(c) Contact pressure with rotation brace 
(d) Contact pressure with valgus-rotation brace 
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8.3 Discussion 
 
The gait pattern generated by the walking generation model was generally 
reasonable. The joint compressive force shown in Figure 6.3 has been reported 
to be approximately three times the body weight during normal gait in other 
previous studies (Anderson, F. C., et al., 2001).  
Shirasaki traffic accidents and diseased degeneration of the body are used, 
going to cut out the knee joint, insert the pressure sensitive paper on the knee 
joint surface, and apply the 1500 N loading on the knee. The highest contact 
pressure occurring on the medial meniscus with a maximum of approximately 
3 MPa (Yoshio, S., et al., 1981). In fukubayashi’ study, it is different from 
Shirasaki’ study, knee OA patients as subject, the peak values of 
approximately 3 MPa are measured by the same experimental method (Toru, 
F., et al., 1980). 
In the finite element analysis studies, E.Pena reported a result of the highest 
contact pressure with 3.15 MPa through apply 1150 N loading on the femoral 
bone (Peña, E., et al., 2006). Donahue’ study also obtained a similar result 
that the maximum contact pressure with 3.2 MPa (Donahue, T. L., et al., 
2002).  
In our study, the maximum contact pressure took place in the meniscus 
plateau with a value of 3.1 MPa, which was a roughly consensus of the result 
with the previous study results, therefore the estimation result of the 
meniscal contact pressure is reasonable in this study. 
The feature of this model was combing the whole-body musculoskeletal 
walking model and the detailed skeleton model of the knee joint part. In a 
preceding study, integrating the whole-body musculoskeletal model and the 
finite element model of the knee joint has been proposed and reported 
(Halonen, K. S., et al., 2017), however, in the preceding research model, the 
experimental measurement was assumed and the motion measurement data 
was used as the boundary condition to the model. When experimental 
measurement is assumed, it is effective for the quantitative evaluation of the 
current state of the patient, but what kind of implement of the treatment and 
rehabilitation, and improvement in the gait and joint loading still necessary 
to be consider.  
In the study, the highest contact pressures occurring on the meniscus were 
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calculated as a representation of result of the joint loading, and we also can 
evaluate the joint loading through the result of distribution of the stress, 
contact area and so on. On the other hand, the finite element analysis 
simulation results not only shown that a very high contact pressure affected 
in the meniscus when the high joint compression forces applied on the knee 
joint during the mid-stance phase, furthermore the displacements of the 
meniscus and the femoral bone also were calculated, but also when the knee 
joint was affected lower compression forces in some phase for example during 
the toe off, it also obviously was obtained that the meniscal contact pressures 
and the displacements of the meniscus and the bone emerged. This finite 
element analysis method was able to provide a useful suggestion for 
understanding of physiological structure and pathological condition such as 
knee OA and its treatment and rehabilitation method. By using the model of 
this study, realization of such analysis are possible on a computer even if 
actual walking measurement data is not used. 
On the other hand, in the model of this study, the walking motion itself is also 
calculated, so it is expected that such predictive evaluation will be possible. 
However, in the current model, it is possible to estimate the joint loading 
associated with exercise, but it has not been able to realize a gait change 
according to the joint loading. Although this problem is the limit of this 
research, if it can be realized predictive evaluation of the knee OA be possible. 
In evaluation and comparison of the three types of the knee brace, we not 
quantified the knee braces, we just chose reasonable constants that the 
valgus moment, rotation torque and those combination as the applied forces 
of the three types of the knee brace respectively. We also not quantified a 
version of applied forces on one type of the knee brace, in order to comparing 
the treatment effect by inputting different applied values. In this study, we 
provided a way for comparing the treatment effect of the three types of the 
knee braces that valgus knee brace, rotation knee brace and valgus-rotation 
knee brace. 
As we know inspections of the internal tissues was difficult work, even so it 
is pain and high cost for knee OA patients. In the study, we provide a way to 
inspect the soft tissues around the knee through combining a FEM model and 
a walking generation model. We also provide that aim was to develop FEM 
model of the knee joint with knee OA, as an evaluation tool in order to avoid 
experiment security, efficiency and save cost. The model has a widely 
68 
 
application that are used as surgical pre-planning tools with knee OA, design 
and evaluation for knee braces and so on. In the result of, we can cursorily 
estimate that the valgus-rotation knee brace represented best treatment 
effect in this study. It is considered that the femoral bones are subject to 
valgus and external rotation and the gap between the femur and the tibia was 
extended, while wearing the Valgus-rotation knee brace by the complexity of 
the surface shape of the femoral condyle and the movement function of the 
ligament, result of the contact pressure decreasing. However, depending on 
the condition of the patients, the treatment effect differs from the subjective 
evaluation, so it is unlikely that the therapy by Valgus-rotation knee brace is 
definitely effective. 
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Chapter 9 
Conclusion 
 
9.1 Conclusion 
 
In the study, we constructed a finite element method model of the knee joint 
in the knee osteoarthritis patient based on medical imaging data. In order to 
analyzing normal gait, the muscular forces or articular forces as a boundary 
condition are necessary for calculation of the knee joint loading. Therefore, 
articular forces on the tibial plateau were applied the model, which were 
calculated using a gait simulation based on a walking generation model. In 
this study, mechanical loading occurring on the soft tissues for example the 
meniscus, the articular cartilages and the ligaments can be predictive with 
the knee osteoarthritis patient.  
In the study, we also constructed three types of unloader knee brace model 
including valgus knee brace, rotation knee brace and valgus-rotation knee 
brace. The models are not shape model, but the mechanical models, which 
was simplified to moment forces applying on the knee joint. We compared to 
the treatment effect of the knee osteoarthritis in three condition that the knee 
joint loading on the three types of the brace through the mechanical loading 
occurring on the joint surface. 
In stance phase, the contact pressure occurring on medial meniscus obviously 
reduced while, wearing the valgus knee brace and valgus-rotation knee brace. 
However, the contact pressure took place in lateral meniscus have been a 
considerable increase, but the increase with valgus knee brace slightly lower 
than it while wearing valgus-rotation knee brace. The medial meniscus 
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suffering the contact pressure were assumed a tendency of the reduction 
while wearing the knee brace. We also can cursorily estimate that the valgus-
rotation knee brace represented best treatment effect in this study. 
 
9.2 Future Study 
 
In this study, the contact pressure occurring on the meniscus presented 
results, which were slight lower than the other results in preceding study. We 
analyzed that it might had two reasons of the too thick femoral cartilage and 
slightly non-standard shape of the meniscus, thus we need to adjusted these 
in the future work.  
We combined a FEM model and a walking generation model data in four 
representative phase during gait cycle. We plan to analyze the gait through 
combining the models in time sequence. The gait changes can be calculated 
according to the load of the knee joint through combining the models in this 
study, we also expect to construct a system realize interlocking in the work 
flow in opposite direction to calculate the gait.  
Additionally, we need to construct it instead of shape model, mechanical 
model replacing the moments. We also realize optimal evaluation of the knee 
braces that evaluate the optimal moment or combination of moment in phase 
respectively during gait for the design of the knee brace. 
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